ADAM-17 is a matrix metalloproteinase-like enzyme involved in the release of several ligands that have been shown to promote both cancer formation and progression. These ligands include transforming growth factor-a, amphiregulin, heparin-binding epidermal growth factor, epiregulin and tumor necrosis factor-a. In this investigation, we measured the expression of total ADAM-17 by enzyme-linked immunosorbent assay in 153 invasive breast cancers. We also measured the precursor and active forms by western blotting in 140 invasive breast cancers. Expression of ADAM-17 was significantly increased in high-grade compared with low-grade tumors and was independent of tumor size, lymph node metastasis and estrogen receptor status. Patients with high expression of ADAM-17 had a significantly shorter overall survival compared with those with low expression. Significantly, the prognostic impact of ADAM-17 was independent of conventional prognostic factors for breast cancer. Our results are further evidence that ADAM-17 is involved in breast cancer progression and thus provides further impetus for exploiting ADAM-17 as new target for cancer treatment.
introduction
The ADAMs (A Disintegrin And Metalloprotease) are multidomain transmembrane proteins. Although ADAMs may contain up to eight distinct domains, the two best characterized are the metalloprotease domain, which is involved in the shedding of several biologically important membrane-bound ligands, and the disintegrin sequence which is involved in cell adhesion (for review, see [1, 2] ). One of the first ADAMs implicated in membrane shedding was ADAM-17, which was shown to release the active form of tumor necrosis factor (TNF)-a from its precursor. ADAM-17 is thus sometimes referred to TNF-a converting enzyme or TACE. Other growth factors shown to be released by ADAM-17 include the epidermal growth factor-receptor (EGFR) ligands, transforming growth factor (TGF)-a, amphiregulin, heparin-binding epidermal growth factor (HB-EGF) and epiregulin [1, 2] .
All these factors released by ADAM-17 have been implicated in tumor formation and/or progression. Although high doses of TNFa are used to treat certain malignancies [3] , several animal studies suggest that this cytokine is involved in cancer formation/progression. Thus, in a mouse model, either a deficiency of TNF-a or the administration of a neutralizing antibody directed against the cytokine inhibited the development of chemically induced skin cancer [4] . TNF-a was also shown to be involved in the formation/progression of liver [5] , intestinal [6] and ovarian cancer [7] . Similarly, TGF-a, amphiregulin, HB-EGF and epiregulin have all been reported to mediate tumor formation/progression [8] [9] [10] [11] .
Consistent with its ability to release tumor-promoting factors such as TNF-a, TGF-a, amphiregulin, HB-EGF and epiregulin, ADAM-17 has also been implicated in tumor formation/progression. Recently, for example, ADAM-17-catalyzed shedding of TGF-a was found to be necessary for murine tumor formation [12] , while in a three-dimensional culture of human breast cancer progression, inhibition of ADAM-17 reversed the malignant phenotype [13] . This reversion of the malignant phenotype resulted from the failure to release TGF-a and amphiregulin [13] .
Using breast cancer cell lines in culture, we previously found that ADAM-17 promoted both proliferation and invasion, while in human breast tumors ADAM-17 expression levels correlated with parameters of proliferation and invasion [14] . The aim of this study was to extend our investigations on ADAM-17 in human breast cancer and, in particular, to test the hypothesis that if ADAM-17 levels correlated with variables of tumor progression, elevated levels would be associated with adverse outcome.
materials and methods

samples and patients
The breast cancer samples analyzed were sent to our laboratory for the assay of estrogen receptor (ER)-a by enzyme-linked immunosorbent assay (ELISA). Samples from patients with in situ carcinomas were not included in the study. All patients underwent either modified radical mastectomy or local excision combined with external beam radiotherapy. Following histopathological examination, residual tumor tissue was immediately frozen in liquid nitrogen. The characteristics of the carcinomas used and the adjuvant therapies received are summarized in Table 1 . Median patient follow-up at the time of analysis was 37 months. The end point investigated was overall survival (OS), defined as the time in months from operation to death from any cause. ER-a was measured by ELISA as previously described [15] . The cut-off point was 200 fmol/g wet weight of tissue.
measurement of ADAM-17 by ELISA ADAM-17 protein was measured by ELISA in extracts from 153 breast cancers (Quantikine Ò , R&D Systems, Minneapolis, MN). This ELISA is claimed to detect both the free fraction of ADAM-17 and ADAM-17 bound to recombinant human tissue inhibitors of metalloproteases. The claimed sensitivity of the assay was 0.6 ng/ml. ADAM-17 protein levels were measured according to the manufacturer's instruction. measurement of ADAM-17 by western blotting ADAM-17 protein was measured by western blotting in extracts of 140 breast cancers as previously described [14] . In brief, total protein was isolated from tissue samples using 50 mM Tris-HCl (pH 7.4) containing protease inhibitors [1 mM benzamidine-HCl, 1 lM trans-Epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64) and 10 mM ethylene diamine tetraacetic acid (Sigma Aldrich, St Louis, MO)] (2 ml/100 mg sample). Immediately before use, samples were diluted in sodium dodecyl sulphate (SDS) sample buffer containing 50 mM Tris-HCl (pH 6.8), 2% SDS, 8% glycerol, 5% 2-mercaptoethanol and 0.01% bromophenol blue, and heated for 10 min at 70°C. One hundred microgram of total protein was separated on 7% Tris-Glycine SDS gels. Following transfer onto nitrocellulose, the filter was blocked in 5% (wt/vol) milk (Marvel Ò instant dried skimmed milk, Tesco, Ireland) in TBS, 0.05% Triton X-100 (vol/vol) (TBS-T) for 1 h at room temperature. Polyclonal rabbit anti-ADAM-17 (ProSci Incorporated, Poway, CA) was diluted to 5 lg/ml in 5% (wt/vol) milk in TBS-T and incubated with the membrane overnight at 4°C. Following three 10-min washes in TBS-T, the membrane was incubated with 1:1000 HRP-conjugated anti-rabbit immunoglobulin secondary antibody (Sigma Aldrich) for 1 h at room temperature. Excess secondary antibody was removed with three washes in TBS-T. A further wash in TBS was carried out before incubation with 6 ml of chemiluminescence reagent (Luminol, Santa Cruz Biotechnology, CA) for 1 min. Membranes were exposed to X-ray film (Fujifilm) in the dark for 15 min. Analysis of b-actin expression was carried out on the same blot using a mouse monoclonal antibody (Sigma Aldrich), as previously described [14] .
statistical analysis
Nonparametric analysis was carried out, as ADAM-17 concentrations were not normally distributed. The Mann-Whitney U-test was used for relating ADAM-17 concentrations to the clinicopathological variables. Both univariate and multivariate analysis of events (death as end point) was carried out using Cox proportional hazards model. Relative risk (RR) values with 95% confidence intervals (CIs) were used to convey the effects. All P values were two sided. In addition, those factors that were significant at the 0.05 level in univariate analysis were included in the multivariate proportional hazards model. Stepwise and backwards regression was used in order to obtain the final model. All statistics were carried out using StatView for Windows Version 5.0.1 (SAS Institute Inc., Cary, NC), except for the survival analysis, which was carried out using SPSS version 11.0 (SPSS Inc., Chicago, IL). Table 2 shows the relationship between ADAM-17 levels and standard prognostic factors for breast cancer. Significantly higher concentrations were found in high-grade, i.e. grade 3, compared with low-grade carcinomas, i.e. grade 1 and 2 cancers (P = 0.003, Mann-Whitney U-test) and in ductal compared with lobular cancers (P = 0.008, Mann-Whitney U-test). ADAM-17 concentrations, however, were independent of tumor size, nodal status, patient age at diagnosis and hormone receptor status.
relationship between ADAM-17 expression as determined by ELISA and western blotting
Of the 153 cancers assayed by ELISA, extracts from 118 representative samples were available for western blotting. As previously reported [14] , following western blotting, ADAM-17 protein has been found to exist in two main forms in breast tissue, namely a 120-kDa precursor and a 100-kDa active form. A weak but statistically significant relationship was observed between protein levels determined by ELISA and both the 120-kDa (Spearman's rank correlation: P = 0.043, r = 0.193, n = 118) and 100-kDa form (Spearman's rank correlation: P < 0.0001, r = 0.390, n = 118), as measured by western blotting (Figure 2) . relationship between ADAM-17 protein levels and patient outcome Initially, ADAM-17, as determined by ELISA, was related to patient outcome as a continuous variable. Increasing concentrations were significantly associated with poor OS (Wald test: P = 0.01; RR = 1.189; 95% CI = 1.041-1.357). In order to establish a cut-off value for separating patients into good and poor prognostic groups, ADAM-17 values were divided into quartiles. As shown in Figure 3 , at each of the cut-off points investigated, patients with high levels of ADAM-17 had a significantly worse outcome than those with lower levels. However, as the 75th percentile gave the best stratification, it was therefore used in subsequent investigations relating ADAM-17 to patient outcome. Table 3 compared the prognostic utility of ADAM-17 levels with that of standard prognostic factors for breast cancer. As might be expected, tumor size, tumor grade and extent of lymph node involvement significantly predicted poor outcome using univariate analysis. Significantly, in multivariate analysis, ADAM-17 correlated with shorter OS. Thus, the prognostic value of ADAM-17 was independent of tumor size, grade and lymph node metastases.
relationship between precursor and active forms of ADAM-17 and patient outcome
In addition to total ADAM-17, we also related both the precursor and active fractions of ADAM-17 (determined using western blotting) to patient outcome. Using a cut-off at the 75th percentile value, patients with high levels of both the precursor and active form had a significantly shorter OS than those with low levels (P = 0.047; RR = 2.748; 95% CI = 0.996-7.586, and P = 0.021; RR = 3.115; 95% CI = 1.126-8.618, respectively) ( Figure 4 ). Using multivariate analysis, however, neither the active nor the precursor forms of ADAM-17 were independently predictive of outcome. Although concentrations of ADAM-17 determined by ELISA correlated significantly with both the active and precursor fraction, the associations were relatively weak, especially for the precursor form. The moderately stronger correlation between the ELISA concentrations and the active form may relate to the fact that this is the predominant form of ADAM-17 in breast cancer [14] .
In this study, expression levels of ADAM-17 protein, as determined by ELISA, were independent of tumor size, presence or absence of lymph node metastasis, ER status and patient age at diagnosis. Significantly higher concentrations were, however, found in grade 3 compared with grade 1 and 2 tumors. Similarly, higher concentrations of ADAM-17 were found in ductal compared with lobular cancers, suggesting that this ADAM may have a different role in the formation of the two most frequently observed histological types of breast cancer. Previously, we reported that that the active form of ADAM-17 was expressed more frequently in lymph nodepositive compared with lymph node-negative breast cancers [14] . In agreement with our findings using ELISA, neither the precursor nor the active forms of ADAM-17 were significantly related to tumor size, ER status or patient age at diagnosis [14] .
Using both ELISA and western blotting, we show here that elevated levels of ADAM-17 predict poor outcome in patients with breast cancer. Indeed, using ELISA, ADAM-17 concentrations predicted outcome independent of conventional prognostic factors for breast cancer, such as tumor size, lymph node metastasis and ER status. As might be expected, the active form of ADAM-17 was a stronger predictor of outcome than the precursor form. Indeed, why the enzymatically inactive precursor was associated with outcome is unclear. The finding however, suggests that this form of ADAM-17 may be playing a nonproteolytic role in tumor progression, perhaps by altering adhesion. The apparent stronger prognostic impact of the ELISA-determined concentrations compared with the precursor and active forms measured by western blotting may be due to the fact that the ELISA provides quantitative values while the blotting technique is only semiquantitative. Previously, on the basis of an in silico approach, Kenny and Bissell [13] reported that elevated ADAM-17 mRNA expression was also associated with adverse outcome in patients with breast cancer.
Over the last two decades, although multiple prognostic markers have been proposed for breast cancer, only a few have progressed to regular clinical use [16] . These include ER and HER-2. Both these markers are not only prognostic but also 
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predictive of response to therapy and act as direct targets for therapy, i.e. hormone therapy is directed against ER, while trastuzumab (Herceptin) targets HER-2 [17, 18] . As well as predicting patient outcome, ADAM-17 is also a potential marker of therapy outcome and a target for anticancer therapy. As a therapy predictive marker, ADAM-17 may have a role in identifying patients likely to be resistant to therapies directed against EGFR and HER-2, i.e. tyrosine kinase inhibitors and trastuzmab, respectively. Although multiple mechanisms are likely to be responsible for resistance to trastuzumab [18, 19] , one mechanism is excess formation of ligands that activate EGFR and promote heterodimerization with HER-2 [20] . Thus, in a recent study in an animal model, trastuzumab-resistant human breast cancer cells were found to express a number of EGRF ligands such as TGF-a, HB-EGF and EGF [20] . One of these factors, i.e. TGF-a, was found to completely negate the growth inhibitory effects of trastuzumab. As mentioned in the Introduction, TGF-a is known to be released from its inactive precursor by ADAM-17. Similarly, excess production of TGF-a as well as amphiregulin, has been shown to confer resistance to gefitinib in lung cancer [21, 22] .
ADAM-17 may also be a target for anticancer treatment. Recently, a number of relatively selective inhibitors have been described for this enzyme [23] [24] [25] [26] [27] [28] [29] . One of these, known as INCB3619 (Incyte, Wilmington, MA), blocked tumor cell proliferation and was synergistic with existing drugs in inhibiting tumor growth in model systems [25] [26] [27] [28] [29] . An ADAM inhibitor related to INCB3619, i.e. INCB7839 (Incyte), is currently in clinical trials against a number of cancers, including breast cancer (http://www.incyte.com/). Significantly, unlike the matrix metalloprotease inhibitors previously used [30] , the ADAM-17 inhibitor did not induce musculoskeletal side effects, at least in the experimental animals investigated [29] . ADAM-17 inhibitors would be expected to be particularly useful in tumors that are dependent on EGFR/HER-2 signaling. Indeed, ADAM-17 inhibitors might have efficacy in tumors resistant to tyrosine kinase or trastuzumab because of excess formation of ligands, such as TGF-a.
Like most reports on prognostic markers in cancer, this study has a number of limitations. These include its retrospective nature and the fact that the samples investigated were mostly from large tumors. Furthermore, almost all the patients investigated received some form of adjuvant therapy. It was thus not possible to determine whether ADAM-17 was a pure prognostic or predictive factor or indeed both.
In conclusion, our results reported here showing a significant association between increased concentrations of ADAM-17 and poor outcome in patients with breast cancer, provide further evidence that this protein is involved in cancer progression [12] [13] [14] . Our findings thus complement previous results from models systems, implicating ADAM-17 in the progression of breast cancer [12] [13] [14] . Before being considered as a clinically useful prognostic marker, our results with ADAM-17 should be confirmed in an external validation study which should preferably be carried out as part of a prospective randomized trial. Finally, our results provide an impetus for further work on ADAM-17 inhibitors for the treatment of cancer. 
